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A B S T R A C T
Nuclear receptors (NR) constitute a large family of proteins and play a crucial role in
regulating mineral metabolism and physiological homeostasis of various organ systems.
The aim of this study was to elucidate whether the variance among NRs of estrogen, an-
drogen and vitamin-D in various vertebrate species including humans is attributed to
differences between the taxonomic groups within a specific receptor (i.e. between ortholo-
gous) or between the different proteins within the taxon (i.e. between paralogous genes).
Published data on 57 protein sequences of the above NRs were used for phylogenetic
analysis. The results showed that in DNA- and ligand-binding regions, 94% and 70% of
variance is due to differences between the three proteins. However, in non-binding re-
gions, 47% of the variance results from differences between the three paralogous pro-
teins. Human sequences consistently clustered with their mammal orthologous within
the three groups of NR sequences, clearly indicating that evolution of human sequences
is not distinct from mammal sequence evolution.
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Introduction
Nuclear receptors are profoundly im-
portant for the regulation of growth and
differentiation of many tissues in metazo-
ic animals. Among their numerous func-
tions, nuclear receptor proteins play a
crucial role in regulating mineral metab-
olism, bone metabolism, homeostasis and
other biological processes1–4. These func-
tions are carried out by transcription con-
trol, mediated by heterodimerization and
homodimerization of the receptors5. Nu-
clear receptors are characterized by a li-
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gand-binding region; a DNA-binding re-
gion and several hinge regions. The pro-
tein sequences of the ligand- and DNA-
binding regions are well conserved in evo-
lutionary terms6.
The nuclear receptors super family in-
cludes five major subfamilies7: 1) thyroid
hormone receptors, 2) steroid receptors,
3) retinoic acid receptors, 4) peroxisome
proliferator-activated receptors and 5) vi-
tamin D receptor group. However, many
nuclear receptors are ‘orphan’, having no
known ligand. Nuclear receptors are
found in metazoans, as simple as cnidaria
(jellyfish)5,8. Fragments of steroid recep-
tor sequences have been detected in lam-
preys8. One may hence suppose that with
the emergence of the first vertebrates
about 830 million years ago9, all mem-
bers of the steroid receptor family already
existed. It is assumed that nuclear recep-
tors arose from a single ancestor that has
evolved into an entire family via gene du-
plications and exon shuffling5.
The present paper concerns steroid re-
ceptors and the vitamin D receptor. These
receptors are unique to vertebrates5 and
are crucial in bone turnover, and in par-
ticular in calcium metabolism regulation.
This circumstance led to »an explosion« of
the genetic research of the corresponding
receptor hormone genes in humans. Vita-
min D receptor (VDR) estrogen receptor
(ER) and androgen receptor (AR) genes
belong to the most prominent candidate
genes that are assumed to influence bone
mass and mineral density10–13. The main
reason for this interest is a growing prob-
lem of osteoporosis, affecting the elderly,
both sexes and all racial groups. Genetic
risk factors are the major contributors to
the development of osteoporosis, due to
their involvement in bone mass loss. The
above receptor genes have been impli-
cated among the most plausible candi-
date genes in the regulation of bone mass.
It is therefore of great interest to reveal
the major pattern in the evolution of hu-
man nuclear receptors since their first
appearance in primitive vertebrates. It is
of special interest to determine whether
and to what extent the dramatic changes
in ecology and skeletal anatomy of the
vertebrates associated with a transition
from the water to the land, to air breath-
ing and to a tetrapod movement, etc., af-
fected the structure of the steroid recep-
tors and vitamin D receptor.
Molecular data suggest that steroid
receptor genes arose from a single ances-
tor by way of 3 duplications, two of which
occurred before the divergence of jawed
vertebrates from the agnatha and an-
other duplication before the divergence of
teleost fish from cartilagenous fish8,14.
Estrogen receptor is likely to have ap-
peared first, then diverging into subtypes
alpha and beta15. Progesterone receptor,
androgen receptor, and mineralocorticoid
and glucocorticoid receptors diverged af-
terwards.
ER binds 17 estradiol (E2) and AR
binds testosterone. Both proteins belong
to the steroid receptor group14. Estradiol
and testosterone are powerful steroids
and have many target organs, including
the male and female reproductive tracts,
mammary glands, and skeletal and car-
diovascular systems. The combined ac-
tion of estradiol and testosterone is re-
sponsible for the onset of puberty, gonad
maturation and maintaining bone den-
sity and vascular elasticity in both males
and females16. Estradiol especially strong-
ly affects bone density17. VDR binds vita-
min D, which is converted to calcitriol.
Calcitriol induces the synthesis of osteo-
calcin, the most abundant noncollage-
nous protein in bone. Vitamin D defi-
ciency in humans and other mammals
causes severe bone metabolism disorders.
Divergence of vertebrate species gave rise
to numerous orthologues of steroid recep-
tors and vitamin D receptors. Estradiol
and testosterone have similar structure
and differ in position C3, where estradiol
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has an –OH group while testosterone has
a ketone (Figures 1a and 1b). Vitamin D
(calciferol, 1,25-dihydroxy-vitamin D3) is
also an active steroid. As seen in Figure
1(c), vitamin D possesses several similar-
ities to steroids but contains a different
group in position C17 and contains three
rings rather than four.
The environmental requirements of
mineral metabolism in various taxonomic
groups and species – fish, homeothermic
and isothermic tetrapods and avians –
are vastly different. Gene duplications
and long divergence time provide pro-
teins ample opportunities for accumulat-
ing dissimilarities. Therefore, we may as-
sume that proteins that operate under
different requirements will be dissimilar.
On the other hand, however, these pro-
teins maintained similar functional roles
throughout vertebrate evolution. A re-
markable similarity is maintained among
nuclear receptor sequences in general
and steroid receptors in particular, de-
spite the long divergence time7. What,
then, are the forces that influence the
amino-acid sequences of nuclear recep-
tors, specifically nuclear receptors of Ho-
mo sapiens? Can we expect greater simi-
larity between nuclear receptors of the
same ligand in various taxonomic groups,
or do the different requirements of recep-
tors in various taxonomic groups effect
sequences in a certain taxonomic groups
in a specific way?
The major aim of this study was to
elucidate how much of the total variation
among nuclear receptors is attributed to
differences between the taxonomic groups
for the specific receptor (i.e. orthologous)
and how much to difference between the
different proteins within the taxon. To
achieve the goal of the present study,
analysis of molecular variance was per-
formed on two steroid receptors, AR and
ER, and an intracellular receptor VDR.
By determining whether the variance is
greater between orthologous or between
different proteins, we will be able to shed
some light on the evolutionary processes
that created current similarities and dis-
similarities between proteins.
Materials and Methods
Sequences, alignment and pyhlogenetic
analysis
Publicly available protein sequences
of nuclear receptors were obtained for all
major vertebrate groups: mammals, rep-
tiles/avians, amphibia and teleost fish.
All sequences were extracted from Entrez
database (www.ncbi.nlm.nih.gov/entrez/).
The sequences included are listed in Ta-
ble 1. In total, information of 57 protein
sequences was available. The sequences
were aligned by ClustalX18 using default
parameters and phylogenetic trees were
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Fig. 1. Molecular structure of estradiol (a), tes-
tosterone (b), and vitamin D (calciferol) (c).
(a) Estradiol (b) Testosterone
(c) Vitamin D (calciferol)
Reconstruction of ancestral sequences
Since we aimed to compare taxonomic
groups rather than individual sequences,
and since for each given protein, data on
different species for each taxonomic group
were available, we chose to reconstruct
the common ancestor of each taxonomic
unit (mammals, reptiles, birds, amphibi-
ans and fish). The ancestral sequences of
the respective taxonomic groups were re-
constructed by PAML software19. PAML
uses a maximum-likelihood matrix of the
substitution rate of the 20 amino acids
and a phylogenetic tree of the sequences
which ancestors we aim to reconstruct, to
determine the most likely amino acid in
each node of the tree, for all the positions
in the protein. The result of this process
is one reconstructed ancestral sequence
for each taxonomic group – mammalian
AR, mammalian ER, and so forth. These
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TABLE 1
NUCLEAR RECEPTOR SEQUENCES INCLUDED IN THIS STUDY











































































sequences were aligned by ClustalX18, a
distance matrix was created for each
alignment, and a Multi Dimensional Sca-
ling (MDS) plot20 and an Analysis of Mo-
lecular Variance (AMOVA) analysis21 we-
re performed. A more detailed account of
AMOVA is provided below.
Multidimensional Scaling (MDS) is
used for plotting distance matrices, creat-
ing a graphical representation of similar-
ities and dissimilarities between sequen-
ces. Two 2-dimensional MDS plots have
been created for the reconstructed ances-
tral sequences by SPSS software (release
10.0.5, standard version). Analysis of mo-
lecular variance was performed by AMO-
VA software21, in order to determine the
variance components in protein sequen-
ces attributable to two main factors: 1)
taxonomic group and 2) type of nuclear
receptor. AMOVA is based on the classic
Analysis of Variance (ANOVA). In one
-way ANOVA, variance among groups is
compared to variance within groups. The
null hypothesis in ANOVA is that the
variance among groups is equal to the
variance within groups. AMOVA is simi-
lar to ANOVA, with the same null hy-
pothesis, but the variance used for com-
putations is molecular distance rather
than simple arithmetic means and stan-
dard deviations and testing is done by
permutation. The molecular distance was
computed by a software for analysis of
phylogenetic data, ClustalX18, which aligns
the sequences while grading the distance
between each pair of sequences according
to the number of gaps, mismatches in the
alignment, and provides a pairwise dis-
tance matrix for the 14 consensus se-
quences. In relation to their functional
role, the available protein sequences, for
each AR, ER and VDR can be divided into
three groups of sequences (see below).
The null hypothesis was, as previously
stated, that the variance among the three
types of protein sequences within each
taxonomic group (orthologous proteins) is
not larger than the variance between the
different proteins within the group (pa-
ralogous proteins). We intended to check
whether the null hypothesis is valid, or
whether the variance among groups is in-
deed larger than the variance within
groups. To test the above null hypothesis,







Phylogeny of ancestral sequences
The phylogenetic tree of the entire set
of 57 vertebrate ER, AR and VDR se-
quences is shown in Figure 2. Three clus-
ters can be clearly distinguished, corre-
sponding to the three proteins and show-
ing that sequences of each specific pro-
tein are located on a different branch.
Within each protein-specific cluster, fish
and terrestrial vertebrates are located on
different branches. Other sub-clusters such
as reptiles and mammals can also be dis-
tinguished on each branch. Homo sapiens
proteins consistently cluster with mam-
mal proteins, tending to neighbor other
primates. Interestingly, human and rat
VDR sequences are virtually identical.
Figure 3 shows the phylogenetic tree
of the reconstructed ancestral sequences
of the different taxonomic groups. Ba-
sically this figure is clearly reminiscent of
Figure 2 and AR, ER and VDR sequences
are seemingly monophyletic. For all three
proteins, orthologous proteins are clus-
tered together, i.e. sequences cluster by
protein rather than by taxonomic group.
Again, human protein sequences when
examined as a separate taxon were con-
sistently attached to the corresponding
mammalian node (not shown).
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Fig. 2. Phylogenetic tree of AR, ER and VDR sequences.
AR = androgen receptor, ER = estrogen receptor,
VDR = vitamin D receptor H.S. = Homo sapiens
Analysis of molecular variance (AMOVA)
To quantify the effect of taxonomic
group and type of protein, we performed
AMOVA on complete protein sequences
and on binding and non-binding regions
(see Materials and Methods). The results
shown in Table 2 indicate that when com-
plete protein sequences are compared,
nearly 63% of the variance is attributable
to a variance between the proteins and
about 37% is accounted for a variance
among taxons within proteins. When only
the DNA- and ligand-binding regions are
examined, 94% and 70% of the variance,
respectively, were attributable to a vari-
ance among proteins and only 6% and
30% result from the variance within the
proteins. That is to say, that the majority
of the protein sequences variation was at-
tributable to paralogous differences and
much less to orthologous differences. In
the non-binding regions of the studied se-
quences, the situation tends to be altered:
47% of the variance was explained by
paralogous differences among proteins
and 53% – by taxonomic differences within
each protein in average. The human se-
quences in all instances, when examined
separately, followed the general pattern,
always clustering by a protein and with
mammals.
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TABLE 2







a Full-length 62.47% 37.53%
b DNA-binding region 93.78% 6.22%
c ligand-binding 70.21% 29.79%
d Regions that do not bind DNA or ligand 47.14% 52.86%
Fig. 3. Phylogenetic tree of the ancestral sequences of AR, ER and VDR.
MDS plot
To illustrate these findings, we pro-
vide Figures 4a and 4b that show the
MDS plots for the DNA-binding region
and non-binding regions, respectively. In
the first case (Figure 4a) it is clearly seen
that each group of proteins is distinct
from the others. ER protein sequences
are clustered in the upper right quad-
rant, AR proteins are clustered in the
lower right quadrant while VDR proteins
are to the left and spread along the 0
score of the dimension 2. As seen, there is
no overlapping between the three groups
of proteins. On the contrary, within each
protein specific group, there is a remark-
able overlap between molecules belong-
ing to different taxonomic groups.
The picture is very different when dis-
tances between non-binding regions are
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Fig. 4a. 2-dimensional MDS plot of nuclear receptor anceptor proteins – DNA binding region.
Fig. 4b. 2-dimensional MDS plot of nuclear receptor anceptor proteins – non-binding region.
plotted (Figure 4b). ER and AR protein
sequences are located in the right upper
and lower quadrants. However, the dis-
tances between the sequences within each
protein are much larger than in Figure 4a
and the sequences are not clustered into
two distinct groups but are spread in one
large cluster. VDR sequences, however,
located separately in the upper left quad-
rant, although again the distances be-
tween the taxonomic groups are larger
than those seen in Figure 4a.
Discussion
As mentioned in the Introduction,
there are six known steroid receptors:
esterogen receptors (ER)  and , proges-
terone receptor (PR), androgen receptor
(AR), glucocorticoid receptor (GR) and
mineralocorticoid receptor (MR)14. These
receptors apparently emerged from a sin-
gle ancestral receptor by a series of gene
duplications5,8,14. Each receptor has a
unique role in bone metabolism, in regu-
lating reproductive functions, or both.
Baker22 describes the most recent advan-
ces in the evolution of these proteins.
In the present paper we examined the
major evolutionary patterns of AR, ER
and VDR in 57 representatives of the
main taxonomic groups of vertebrates.
Data on protein sequences included tele-
ost fish, amphibians, reptiles, birds and
mammals. The phylogenetic trees of the
protein sequences and their reconstru-
cted ancestral sequences, as well as the
MDS plots, showed three distinct clusters
of sequences, each cluster containing only
AR, ER or VDR sequences. Analysis of
molecular variance in nuclear receptors
showed that the similarity between ver-
tebrate orthologs of each receptor is much
greater than the similarity between dif-
ferent receptors in the same taxonomic
class.
The phylogenetic tree of 57 nuclear re-
ceptors shown in Figure 2 is in agreement
with previous molecular studies5,6,8,23 and
with the fossil record24. The sequences
are clustered into three groups in accor-
dance to the type of nuclear receptor. In
each cluster, the topology of the branches
of taxonomic groups conforms to the
known vertebrate phylogeny. In all three
clusters, human sequences unexception-
ally cluster with other mammal sequen-
ces, within the branches of their respec-
tive nuclear receptors. Hence, human
sequences behave according to the same
constraints that affected the evolution of
sequences in other species.
Since the tree constructed of the en-
tire set of vertebrate sequences complies
with known vertebrate evolution, and
since each taxonomic group according to
a given protein contained different spe-
cies, we reconstructed 'ancestor' sequen-
ces representing the corresponding taxo-
nomic groups for each type of nuclear
receptor. The phylogenetic tree of the 'an-
cestor' sequences, shown in Figure 3, also
conforms with currently acceptable data.
This tree also demonstrates three dis-
tinct clusters of sequences and a typical
topology of the taxonomic groups within
each cluster.
As demonstrated in the MDS plot (Fi-
gure 4a), DNA binding regions of VDR se-
quences are much less »clustered« than
sex steroid receptor sequences, i.e., within
each group of ortholog receptors, similar-
ity within AR and ER receptors is stron-
ger than within VDR receptors. This can
be explained by the fact that sex (and also
adrenal) steroid receptors form dimers
and complexes with other proteins, na-
mely heat shock protein 905, 25. Hence, we
may assume that the molecular evolution
of these sequences is influenced by pro-
tein-protein interactions in addition to
other evolutionary constraints. These in-
teractions are likely to pose a strong se-
lective pressure on sex steroids that does
not apply for VDR. Figure 4b illustrates
the distances between non-binding re-
gions of AR, ER and VDR. Here distances
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within groups are larger than the dis-
tances in Figure 4a. Also, AR and ER se-
quences do not form two distinct clusters
but merge as the distances within the
groups become larger and the distances
between the groups are smaller. This may
suggest that selective pressure on non
-binding regions of nuclear receptors is
weaker than on DNA- and ligand-binding
regions, more amino-acid replacements
are tolerated in these regions, hence the
larger distances between sequences.
The results of AMOVA varied substan-
tially when the analysis was performed
on different domains of nuclear receptors.
In DNA- and ligand-binding domains, the
similarity between orthologs is very high,
93% and 70% respectively (Table 2). In
non-binding domains, only about 50% of
the variance can be attributed to differ-
ences among paralogous proteins. The
AMOVA results can be explained by the
fact that the DNA- and ligand binding re-
gions are much more conserved than non
-binding regions. The different orthologs
of each receptor essentially bind the same
ligand and recognize a conserved DNA se-
quence. Hence, similarities between nu-
clear receptor proteins can be attributed
to:
a) Stabilizing selective pressure due to
the same ligand (which can explain
similarities among all ortholog recep-
tors of a specific molecule) or similar lig-
ands (which can explain similarities
between receptors of ligands with simi-
lar structure, such as steroid recep-
tors).
b) Slow rate of evolution of these specific
genes as a result of slow accumulation
of neutral replacements8.
c) Convergent evolution due to environ-
mental constraints.
The latter option seems not very feasi-
ble, since the environmental require-
ments are overwhelmingly different for
fish homeothermic and isothermic tetra-
pods and avians. The choice between the
two other possibilities is difficult. Thorn-
ton8 suggested that ER was the first ste-
roid receptor. A series of genome-wide du-
plications created several copies (para-
logs) of this sequence, of which one con-
served its function as estrogen receptor
and the others evolved into androgen,
progesterone, glucocorticoid and minera-
locorticoid receptors. The rate of evolu-
tion of the conserved estrogen receptor
was lower than the rate of evolution of
the other descendents. According to Ba-
ker26, nuclear receptor evolution has slo-
wed considerably in land vertebrates,
and in addition to the relatively short di-
vergence time of mammals, not many
changes have accumulated in the human
protein in relation to other mammal pro-
teins.
However, the comparison of variation
in binding (especially DNA – binding)
and non-binding regions showed much
lower variation in the former, regardless
of the type of the protein and its evolu-
tionary age. One can, therefore, assume
that because the evolutionary age of the
whole molecule is the same, then if the
basic mutation rate is independent of the
corresponding DNA sequence (e.g. the
same in average for the whole sequence of
the receptor protein), then binding and
non-binding regions are under the differ-
ent selective pressure. In other words,
the binding region of each of the 3 tested
proteins was and still probably is exposed
to a much stronger stabilizing selection
pressure. Non-binding regions showed less
clear pattern in discrimination between
the proteins as well as between the taxo-
nomic groups. This situation may be in-
dicative of their relatively random chan-
ges, likely due to an accumulation of mu-
tations and random genetic drift.
In conclusion, in the nuclear receptor
evolution, most of the variance between
protein sequences can be attributable to
differences between the DNA- and ligand
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-binding regions of different receptors
and is not affected by affiliation of a se-
quence to a certain taxonomic group. In
addition, the evolution of human nuclear
receptors takes the same course as the
evolution of other mammal nuclear recep-
tor sequences.
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FILOGENIJA NUKLEARNIH RECEPTORA KRALJE@NJAKA – ANALIZA
KOMPONENTI VARIJANCE U SEKVENCAMA PROTEINA
S A @ E T A K
Nuklearni receptori (NR) ~ine veliku obitelj proteina i igraju klju~nu ulogu u regu-
laciji metabolizma minerala i fiziolo{koj homeostazi razli~itih organskih sustava. Cilj
ove studije bio je razlu~iti mo`e li se varijanca izme|u nuklearnih receptora estrogena,
androgena i vitamina D u razli~itih vrsta kralje`njaka uklju~uju}i ljude, pripisati
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razlikama izme|u taksonomskih skupina unutar specifi~nog receptora (odnosno, izme-
|u ortologa) ili izme|u razli~itih proteina unutar istog taksona (tj. izme|u paralognih
gena). Publicirani podaci o sekvencama 57 proteina ispitivanih nuklearnih receptora
kori{teno je za filogenetske analize. Rezultati su pokazali da u DNK i »ligand-binding«
regijama, 94% i 70% varijance se mo`e pripisati razlikama izme|u tri paralogna pro-
teina. Sekvence ~ovjeka, zajedno s ortolozima sisavaca, konzistentno se klasteriraju
unutar tri skupine sekvenci nuklearnih receptora, {to jasno pokazuje da evolucija se-
kvenci ~ovjeka se ne razlikuje od evolucije sekvenci drugih sisavaca.
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